T he criteria for considering third ventriculostomy as the definitive treatment for hydrocephalus were originally based on Dandy's concepts 1,2 of communicating and obstructive hydrocephalus. Even with current imaging modalities, it is not always possible to determine, preoperatively, the location of CSF pathway obstruction. As a result, some patients may be denied third ventriculostomy in favor of a ventricular shunt if demonstrated intraventricular obstruction is an absolute indication for this procedure. As the clinical experience with ETV has evolved and the procedure's safety has Abbreviations used in this paper: ETV = endoscopic third ventriculostomy; FOHR; frontal and occipital horn ratio; TVI = Third Ventricle Index; TVMI = Third Ventricular Morphology Index; VP = ventriculoperitoneal.
This article contains some figures that are displayed in color on line but in black and white in the print edition.
Stimulated by the work of Kehler and Gliemroth 7 and Hodel et al., 5 we postulated that the pre-and postoperative shape of the third ventricle may be predictive of, and reflect clinical success of, ETV. We postulated that displacement of the third ventricle floor inferiorly into the interpeduncular cistern and displacement of the lamina terminalis anteriorly into the lamina terminalis cistern could predict the clinical success of ETV and that postoperative resolution of these changes would be associated with the clinical success of the procedure. Finally, we postulated that changes in sagittal-plane third ventricular morphology would be evident on imaging prior to measurable changes in lateral ventricular volume in successfully treated patients. In the present study we report our observations using qualitative and quantitative measures of the displacement of the floor of the third ventricle and lamina terminalis, as indicators of the clinical success of ETV in patients, regardless of the visualized or presumed level of CSF flow obstruction.
Methods

Patient Population
Patients who had undergone ETV at British Columbia Children's Hospital between June 2004 and May 2010 were reviewed for inclusion in this study. Patients were included provided they had the following: 1) preand postoperative imaging data available electronically on our institutional picture archiving system (iSite Radiology [Koninklijke Philips Electronics N.V.]), 2) imaging suitable for the proposed qualitative and quantitative analyses, and 3) a technically adequate ETV.
In patients who had undergone multiple ETVs, individual procedures were analyzed if imaging was available that showed the third ventricular morphology prior to, and following, the initial procedure and prior to a subsequent ETV.
Data Collection and Ventricular Size Assessment
For analysis we used at least 1 axial and 1 midsagittal T1-weighted, T2-weighted, or constructive interference in steady state (CISS) image (slice thickness: axial 5 mm, sagittal 1-3 mm), from each clinical study. If a patient had more than 1 postoperative image, the additional images were also analyzed. A senior radiologist, neurosurgeon, and medical student performed the measurements. In the case of a discrepancy, the radiologist's analysis was used. Two other neurosurgeons verified the measurements for interpretive consistency.
For each pre-and postoperative data set, the following features were recorded: 1) periventricular T2-weighted hyperintensity, 2) TVI, and 3) FOHR. 10, 13, 14 In addition, the displacement of the walls of the third ventricle was assessed and characterized as follows: 1) lamina terminalis convexity and displacement of the lamina terminalis into the lamina terminalis cistern, and 2) third ventricular floor convexity and displacement of the floor of the third ventricle into the interpeduncular cistern (Fig. 1) . To quantify these features, a composite measure was developed (the TVMI) (Fig. 2) .
Assessment of Displacement of the Lamina Terminalis and the Third Ventricular Floor
Convexity, a qualitative variable, was determined to be present or absent for the lamina terminalis; this was done by observing the displacement of the lamina into the lamina terminalis cistern from a line joining the chiasm to the anterior commissure. Similarly, convexity of the third ventricular floor was determined based on displace- ment from a line extending from the posterior margin of the infundibular recess or the chiasm, if the former was not visible, to the mammillary bodies. When both structures are displaced, the midsagittal anterior third ventricle contour is reminiscent of the Greek lowercase "Omega" (w) and when both structures are not displaced (or are in anatomical position), Roman "W" (Figs. 1 and 2 ).
Calculation of TVMI and Other Indices/Ratios
To quantify the extent of third ventricular wall displacement relative to brain size, the TVMI was defined as the sum of 1) the distance from the mammillary bodies to the point of maximal displacement of the lamina terminalis, (distance "a" in Fig. 2 ), plus 2) the distance from the anterior commissure to the lowest point of displacement of the third ventricular floor (distance "b" in Fig. 2 ), divided by the maximal biparietal cerebral diameter. Third ventricle index and FOHR were calculated according to their standard definitions (Table 1) .
Clinical End Points
For the ETV to be considered clinically successful, 2 criteria needed to be met: 1) no further intervention required to treat the hydrocephalus (that is, shunt or subsequent ETV) and 2) resolved symptoms/signs of hydrocephalus (for example, headache, vomiting, increasing head circumference, altered consciousness).
The protocol was submitted to University of British Columbia institutional research ethics board review and received approval (H10-01255). All data management was done using Excel 2003 (Microsoft Corp.) and graph generation with Aabel 3 (2010, Gigawiz Ltd. Co).
Results
Patient Population
Forty-seven consecutive procedures were reviewed ( Table 2) . Four procedures were excluded: 2 because they were technically inadequate and 2 because they did not Table 2 . The time to first postoperative image ranged from 1 day to 5 months after surgery (mean 2.45 months), and maximum follow-up was 48 months (mean 12.26 months).
Feature Analysis
Preoperative Qualitative Analysis. On preoperative imaging, T2-weighted periventricular hyperintensity was demonstrated in 18 patients, convexity of the lamina terminalis was shown in 33, and convexity of the floor was demonstrated in 30 (Figs. 3-6 ). Both features were present in 28. In 5 patients, the third ventricular floor was flat and the lamina terminalis was convex, and in 2 patients the floor was convex and the lamina was flat. Eight procedures were performed in patients in whom both the third ventricular walls were flat (Table 3) .
Convexity of the lamina terminalis was associated with successful outcome in 88% of the patients (29 of 33). If the lamina was not convex, 60% of ETVs were clinically successful (6 of 10 patients). Success was seen in 29 (97%) of 30 patients with convexity of the third ventricular floor and in 6 of 13 procedures without convexity. The presence of both features was associated with clinical success in 96% of the patients. The absence of both features was associated with successful ETV in 46%.
Postoperative Qualitative Analysis. Qualitative morphological changes in the third ventricle occurring in successfully treated patients included resolution of the periventricular lucency, decrease in third ventricular width on axial images, and flattening or reversal of convexity of the lamina terminalis and floor of the third ventricle. Flattening of the third ventricular floor occurred in 33 of 36 successfully treated patients, and in 3 of 4 patients in whom the procedure failed. The convexity of the lamina terminalis resolved in 26 cases, and slight deformity persisted at the time of last follow-up in 7 successfully treated cases. Of the 5 procedures that failed and resulted in shunting only, one had shown resolution of the lamina convexity with ETV. The W-shaped morphology was seen in 80% of successfully treated patients in whom this feature could be assessed and was seen in only 1 failed case (Tables 2 and 3) .
Concurrent flow void with stoma patency and third ventricular decompression was seen in 84% of successful ETV cases. In 4 patients with successful ETV, we observed third ventricular decompression and no flow void or anatomical stoma patency. 
Quantitative Deformation Analysis
The ranges of preoperative TVMI values appear to be associated with the qualitative assessment of the third ventricular wall deformity, both lamina terminalis and floor (Fig. 7) .
The correlation of the TVMI with other linear measures of ventricular size (TVI and FOHR) was poor, with correlation coefficients ranging from 0.4 to 0.6 depending on whether pre-or postoperative comparisons were made.
The rate of change in sagittal third ventricular morphology exceeds that seen in the axial plane of the third or lateral ventricles following successful ventriculostomy.
Over the follow-up period, the TVMI decreased, on average by 31.3%, while the FOHR and TVI decreased by an average of 11.1% and 27.1%, respectively. In the interval between ETV and the first postoperative scan, the average rate of change was more rapid, with the TVMI decreasing 0.111/month compared with the FOHR and TVI, which decreased 0.012/month and 0.010/month, respectively. Figure 8 illustrates the change in TVMI by individual case, stratified by clinical success (including repeat ETV) or failure. With one exception, all patients in whom ETV failed to resolve hydrocephalus and who subsequently underwent shunt placement exhibited either no change or an increase in the TVMI index from baseline.
Discussion
With the increasing popularity of minimally invasive neurosurgical procedures, various authors have attempted to define the clinical and radiographic parameters that would clarify the indications for endoscopic ventriculostomy through the floor of the third ventricle. Large population studies have focused on clinical features 11, 17 for the development of clinical decision rules. With the exception of the work of Kehler and Gliemroth, 7 Kehler and colleagues, 8 and Hodel et al., 5 the morphology of the third ventricle prior to and following ETV has not been studied in detail.
In their initial report Kehler and Gliemroth 7 described preoperative downward bulging of the third ventricular floor in 3 infants and 2 children in the absence of intraventricular obstruction. These patients underwent ETV and experienced enduring clinical success without other intervention. Postoperatively, the displaced floor showed "slight or marked elevation in all cases." In the present study, we introduced the concept of extraventricular, intracisternal obstructive hydrocephalus and postulated that the displacement of the floor of the third ventricle was indicative of a pressure gradient between the ventricular system and prepontine cistern, a reflection of intracisternal obstruction below the tentorial notch. It was postulated that obstructions distal to the prepontine cistern would not give rise to the pressure gradient across the floor of the third ventricle and would not be amenable to successful ETV treatment performed through the floor.
In a subsequent publication, Kehler et al. 8 proposed a preoperative grading system that could be used to forecast the clinical success of ETV. This system was based on 3 factors: 1) direct visibility of the CSF pathway obstruction, 2) downward bulging of the floor of the third ventricle, and 3) progression of clinical symptoms. Testing this grading system retrospectively in 72 patients, children and adults, Kehler et al. found that the correlation of outcome following ETV with hydrocephalus grade was statistically significant. These clinical results led the authors to propose a clinical decision guideline based on their hydrocephalus grading system.
The motion of the third ventricular floor and lamina terminalis has been studied using True FISP (fast imaging with steady-state precession) cardiac-gated MR imaging sequences. 5 In a population of adult patients presenting with intraventricular obstructive hydrocephalus, pre-and postoperative lamina terminalis movement was quantified and assessed with respect to whole ventricular and third ventricular volume, stoma patency, and symptomatic outcome. In the successfully treated patients, the variables showed covariance. Although not the purpose of the paper, the reported images and videos show the displacement of the lamina terminalis and floor preoperatively, and as the third ventricular volume decreases, the floor and lamina return to more normal positions. We conclude that the motion of the lamina in the pre-and postoperative states provides qualitative evidence of the effectiveness of third ventricular "decompression" in successfully treated patients. Wall motion, as shown by the True FISP cardiac-gated images, may be a more sensitive method of determining third ventricular "decompression;" however, for clinical purposes at the present time, optimal static visualization of the third ventricular floor and lamina terminalis is achieved using thin-slice (1-mm) CISS sequences. This technique is not cardiac or pulse gated but is a volume acquisition and therefore images an "integrated" wall position. The changes in displacement are of sufficient magnitude to be visible to the clinician when comparing pre-and posttreatment studies in cases of successful ETV. When such sequences are not available, qualitative assessment of the third ventricular morphology is judged on midline sagittal T1-or T2-weighted images (< 3-mm slice thickness). The presence of convexity of the lamina terminalis and floor preoperatively and the decrease in these features postoperatively are associated with clinical success. If these displacements do not resolve, even with a demonstrated flow void, it has been our experience that the ETV has or will fail.
To quantify these displacements, we developed a composite index, the TVMI. As was shown by Hodel et al., 5 the changes in the third ventricular wall displacements correlate with changes in overall ventricular volume. Although the timing of postoperative imaging was not standardized in our population, the changes in the third ventricular morphology, whether judged qualita- tively or with the TVMI, preceded clinically apparent changes in the lateral ventricular volume, as judged on axial images of the lateral ventricles. This is not surprising because the thin floor and lamina would be expected to respond to changes in transmural pressure gradients more rapidly than the thalamus (TVI) or cerebral white matter (FOHR). It may be that normalization of the third ventricular shape following ETV could provide reassurance that the surgeon can wait longer before declaring the ETV a therapeutic failure, even when the lateral ventricles have not apparently decreased in size. Based on our measures at the last follow-up visit, the change in TVMI is associated with clinical success (Fig. 8) .
The postoperative changes in the shape of the third ventricle are not specific to patients undergoing ETV. They also occur in successfully shunt-treated patients. Changes in the lamina terminalis and the third ventricular floor positions may also be of value in determining success, or failure, in shunt-treated patients.
In infants and younger children, the degree of third ventricular wall displacement is greater than that in patients with hydrocephalus manifesting at an older age. When successfully treated, the morphology of the third ventricular walls in younger patients does not always return to a completely "normal" shape, although the qualitative and quantitative measures always decreased.
The morphological changes we describe require that the anterior third ventricle be unencumbered by gross tumor invasion, which would make the patient an unsuitable candidate for ETV. With the exception of patients undergoing repeat ventriculostomy, only 1 patient had a thick third ventricular floor primarily. In these patients, the preoperative convexity of the third ventricular floor was minimal, but the lamina terminal was convex in all cases. Clinically successful ETV was achieved and the lamina terminalis convexity decreased, although the third ventricular floor changed little in position.
In the present study, the association of success with preoperative displacement of the floor was high, and one can ask whether the preoperative assessment of the displacement of the lamina terminalis adds materially to the predictive value for ETV placed in the floor of the third ventricle. We do not have a large enough study population to answer this question definitively because only 5 cases had a convex lamina with a nondisplaced third ventricular floor, one of which was a repeat ETV.
The location of the extraventricular intracisternal blockage is theoretically and practically important. With improved imaging of the cisterns and CSF flow within them, it is conceivable that third ventriculostomy through the lamina terminalis or the pineal recess could offer other options to address hydrocephalus due to cisternal blockage at the tentorial incisura. Different locations of obstruction may be associated with different patterns of third ventricular wall displacement.
Our study is an observational study and was not designed to compare various etiological populations of hy- drocephalic patients with respect to the effectiveness of ETV. Our population was derived from patients presenting to a general pediatric neurosurgical practice during a period when ETV was available and readily used, but it was not our practice to offer ETV to all newly diagnosed patients with hydrocephalus. Therefore, there is a selection bias in our population that favors patients with intraventricular obstructive hydrocephalus. This bias may have exaggerated the observed degree of association between the preoperative morphological features and clinical success. It is of note that, in patients in this series who did not exhibit preoperative third ventricular wall displacement and who did not have evidence of intraventricular obstruction, ETV failed. An analysis of a larger population of patients, imaged in a fashion that would allow assessment of third ventricular wall displacement will be needed to confirm our observations and interpretation. This future work should also include a detailed multifactorial analysis of other factors known to inform the decision to offer ETV to patients. 9 In clinical practice, the TVMI is not needed to determine the preoperative morphology or to judge postoperative technical success. The features are evident if the imaging is adequate and the displacements are searched for. The index may prove useful for research studies or in clinical situations when the morphological changes are subtle. The pattern of third ventricular wall displacements is a useful addition to the clinical features currently being used to predict the success of ETV. Analysis of third ventricular wall motion is an additional feature that requires further study.
Conclusions
Based on our study population, the morphology of the third ventricle, assessed either qualitatively or quantitatively, provides clinically relevant information that can be used in determining the likelihood of clinical success of ETV prior to intervention and can be used in conjunction with clinical features, ventricular volume changes, demonstration of intraventricular obstruction, and flow void to assess the efficacy of the procedure.
